Two decades of intense research on quasicrystalline materials have suggested their potential use as surface coatings, considering their low coefficient of friction, high hardness, good corrosion and wear resistances and low surface energy. In that sense, quasicrystals could be introduced into the field of biomaterials since biomolecules are well known to be sensitive to solid surface properties. In this paper we report on investigations of the early stage of oxidation of the quasicrystals forming Ti 45 Zr 38 Ni 17 alloy and its surface reactivity with respect to an aminoacid. After analysing the microstructure of as-quenched ribbons both by transmission electron microscopy and X-ray diffraction, surface oxide layers were characterized by X-ray Photoelectron Spectroscopy (XPS). Oxidation of Ti 45 Zr 38 Ni 17 results in the formation of a ZrO 2 /TiO 2 barrier oxide layer, avoiding toxic Ni release. This latter is mainly present at the oxide/alloy interface. Thereafter, adsorption of L-glutamic acid has been investigated by infrared spectroscopy. Even if this biomolecule is found to adsorb to each substrate, it seems to display different adsorption mechanisms on quasicrystalline ribbons compared to that on pure titanium (CpTi) or on pure zirconium (Zr), leading to a weaker signal on Ti 45 Zr 38 Ni 17 . We discuss these results along with the affinities of each alloying metal to oxygen and with the peculiar electronic properties of quasicrystals which could affect the surface properties of Ti 45 Zr 38 Ni 17 .
Introduction
Since the discovery of quasicrystals in the early eighties, 1) the research has mostly focused on the exceptional structure, the stability and the physical properties of these long-range ordered alloys with forbidden rotational symmetries and no three-dimensional translation. These last two decades of intense theoretical studies have highlighted an unexpected combination of properties, attractive to advanced technologies. Even if the room temperature brittleness of quasicrystals 2) as gauged by their low fracture toughness values 3) has made them apparently unsuitable for structural devices, their excellent surface properties offer a new challenge for coating applications. 4) In that sense, quasicrystals could be used in the field of biomaterials considering their low coefficient of friction, 5, 6) their good corrosion resistance 7, 8) as well as wear resistance, 4, 9, 10) and their high surface hardness. 6, [11] [12] [13] Among the over hundred quasicrystal forming systems, the ternary Ti-Zr-Ni alloy presents fundamental interest due to the most highly ordered and most stable icosahedral phase, 14, 15) as well as due to the presence of biocompatible Zr and Ti alloying elements. 16, 17) Although Ni is known to provoke allergic and toxic effects on biological tissues, previous analysis of Ni-Ti 18, 19) and Ni-Zr 20) systems outlined the presence of scale oxide layers: nickel remains mainly under a protective TiO 2 or ZrO 2 barrier, ensuring biocompatibility of these binaries. No information on Ti-Zr-Ni alloys reactivity with respect to oxygen is available so far but the same behaviour as in Ni-Ti may be expected since it was shown that the oxidation of Al-based quasicrystals is dominated by compositional effects rather than by the unusual atomic microstructure. 8, 21) Hence, after structural identification using transmission electron microscopy (TEM) and X-ray diffraction (XRD), oxidation of rapidly quenched (planar flow casting) Ti 45 Zr 38 Ni 17 quasicrystal forming system 15, 22) has been investigated by X-ray Photoelectron Spectroscopy (XPS).
Moreover, beyond the surface composition, the clinical success of a biomaterial is also governed by surface interactions with the surrounding tissues. Adsorption of proteins identified as the first few events occurring when a foreign material is implanted are very sensitive to chemical as well as physical surface properties. 23) Since quasicrystal surface energy is rather low 3, 24) due to their peculiar electronic structure at Fermi level, 25) their surface reactivity with respect to biomolecules may be different from those measured on ''classical'' metallic systems. [26] [27] [28] Adsorption of L-glutamic acid, an amino acid involved in protein adsorption, 28) has been investigated on the surface of Ti 45 Zr 38 Ni 17 ribbons by Polarisation Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS), using pure titanium and pure zirconium as references.
The aim of the work is to discuss the peculiar properties of such a quasicrystals forming Ti 45 Zr 38 Ni 17 system with respect to its surface reactivity in biological simulated media.
Experimental Procedures

Materials
Ingots of Ti 45 Zr 38 Ni 17 were prepared by arc melting the commercially pure Ti (99.9%), Zr (99.9%) and Ni (99.9%) metals in an argon gas atmosphere. The master alloys were re-melted several times in order to achieve chemical homogeneity. Rapidly solidified ribbons of 5 mm in width and 30-50 mm in thickness were obtained under vacuum by planar flow casting on a rotating copper wheel using a quartz nozzle with controlled ejection temperature of 1300 C and wheel speed of 36 mÁs À1 . It was estimated from these parameters that the quenching rate was about 10 6 KÁs À1 .
The as-quenched ribbon was structurally characterised by X-ray diffraction (XRD) in a -2 diffractometer (Philips 1810) using Cu-K radiation ( ¼ 0:15418 nm) and by transmission electron microscopy (TEM). TEM was carried out in a JEOL-2000 EX microscope and a JEOL-2010F microscope. TEM specimens were prepared by ion polishing techniques under argon gas atmosphere.
Commercially pure titanium (CpTi) and pure zirconium (Zr) have been used as references for adsorption experiments. 1 cm 2 plates of these materials were cut from commercial plates of 0.5 mm thickness.
Surface analysis
Prior to any surface analysis, the 1 cm 2 samples were mechanically polished down to 5 mm on SiC paper, rinsed with a solution of acetone/water (50/50) and then ultrasonically cleaned in 50% ethanol solution. After the final wash, the samples were dried in dry air flow.
Before XPS measurement, the Ti 45 Zr 38 Ni 17 sample was further polished in super finishing suspension POM8# (from ESCIL, France) allowing a chemical/mechanical polishing at neutral pH with a grade of 0.05 mm. This solution was used because diamond polishing at finer grades causes pitting at the surface. The specimen was finally ultrasonically cleaned in 50% ethanol solution and dried in dry air flow. For XPS characterisation, Ti 2p, Zr 3d, Ni 2p, O 1s, C 1s core level spectra have been recorded with a Thermo electron ESCA-LAB 250 X-ray photoelectron spectrometer with a monochromated Al K radiation (h ¼ 1486:6 eV) at a pass energy of 20 eV. The take-off angle of the photoelectrons was 90 with respect to the sample surface and the pressure in the analysis chamber 4:10 À10 Torr. To analyse the individual contribution of the different elements, Ti 2p, Zr 3d, Ni 2p and O 1s peak decompositions were carried out with a commercial computer program (AVANTAGE provided by Thermo electron) using Gaussian/Lorentzian peak shape, and a Shirley Background.
Adsorption studies were carried out by immersing the 1 cm 2 freshly polished samples in approximately 20 cm 3 of L-glutamic acid (Glu) solution (Prolabo) during 30 min. Then they were dried in dry nitrogen flow. The concentration of amino-acid in distilled water was 10 À1 molÁdm À3 and the pH was adjusted at 6 by addition of aqueous NaOH or HCl, similarly to previous works on L-Glutamic acid adsorption. 26, 29) The method used in the absorption experiments is based on the Polarisation Modulation Infra-Red Reflexion Absorption Spectrometry (PM-IRRAS). All Fourier Transform Infrared (FTIR) spectra were obtained from 500 scans at 8 cm À1 resolution with a Nicolet Nexus FTIR spectrometer.
Results and Discussion
Prior to any surface investigations, structural characterisation of the substrates has been carried out. Nominal composition of the alloy has been designed from Kelton et al. works on the Ti-Zr-Ni systems. [30] [31] [32] (Fig. 1) indicates the presence of icosahedral phase (i) indexed from the scheme reported by Bancel et al.
33) The quasilattice constant a q ¼ 0:517 nm evaluated from the (100000) i diffraction peak shift matches parameters mentioned elsewhere. 15, 34, 35) The peak broadening can be mainly attributed to a size effect of nano-quasicrystalline particles but also to the superposition of these icosahedral features with other characteristic peaks assigned to the crystalline -Ti/Zr (hP2) solid solution (a ¼ 0:311 nm, c ¼ 0:494 nm) and the C14 MgZn 2 -type Laves phase (a ¼ 0:509 nm, c ¼ 0:864 nm). 31) The nature of the as-quenched sample (mixture of nanometric quasicrystalline particles, -(Ti/Zr) solution and C14 Laves phases) was clearly confirmed by TEM examination. The representative electron diffraction pattern of this ribbon (Fig. 2 ) presents a superposition of diffraction rings ascribed Surface Properties of a Nano-Quasicrystalline Forming Ti Based System 279 to the previously identified phases. The numerous bright tiny spots correspond to a dispersion of randomly orientated particles. Nanobeam diffractions from these show 5-fold ( Fig. 3(a) ) and 2-fold ( Fig. 3(b) ) axes consistent with iphase. 11, 15, 31) On the bright-field image (Fig. 4) , it can be noticed that the matrix consists mostly of highly dense dispersion of nano-quasicrystals with different crystallographic orientations. The larger particle of around 100 nm in diameter has also been assigned to quasicrystals. It displays a remarkable speckled morphology with a pentagonal shape. No amorphous phase has been identified from this investigation so that the microstructure is in good agreement with those investigated previously.
31)
Oxide layer analysis
The surface constitutes the real interface between implants and biological tissues. Therefore it is of great importance to determine the chemical composition of the oxide layer covering Ti 45 Zr 38 Ni 17 . To achieve this aim, XPS collections of Ti 2p, Zr 3d, Ni 2p and O 1s core levels were made for three different air exposures as shown by Fig. 5 : just after polishing, after one week and two months of air exposure. Table 1 .
The Ti 2p spectra ( Fig. 5(a) ) exhibit two dominant peaks, namely Ti 4þ 2p3/2 (TiO 2 ) at 459.5 eV and Ti 4þ 2p1/2 (TiO 2 ) at 465.1 eV. As shown on the deconvoluted spectrum ( Fig. 6(a) ), some remnants of other Ti species could also be observed with the presence of small shoulders at 457.4 eV and 462.0 eV corresponding to the binding energies of the Ti 3þ suboxide (Ti 2 O 3 ) 36) and at 454.7 eV assigned to the metallic Ti peak. This latter has almost disappeared after two month air exposure.
Zr exists mainly in the oxide state ZrO 2 with two distinct peaks of Zr 3d5/2 (183.1 eV) and Zr 3d3/2 (185.4 eV) ( Fig. 5(b) ). On the deconvoluted spectrum ( Fig. 6(b) ), the doublet consisting of Zr 3d5/2 (179.3 eV) and Zr 3d3/2 (181.4 eV) is assigned to Zr. 37, 38) The XPS measurements for Ni binding energy showed some differences between the freshly polished and the longer term air exposed surfaces (Fig. 5(c) ). However recorded signals are weak, probably due to the low amount of Ni in outmost layers (Table 1) . For the freshly polished surface Ni exists mainly in the metallic state. The spectrum can be deconvoluted into four peaks (Fig. 6(c) ) ascribed to two chemical states from the Ni 2p3/2 and Ni 2p1/2 doublet: two strong metallic Ni peaks (852.9 eV and 870.3 eV) as well as two weak cationic Ni peaks (855.9 eV and 874.3 eV). 19) These latter, which increase with longer air exposures, could be ascribed to either NiTiO 3 18) or Ni(OH) 2 . 39) As the Ti spectrum presents no apparent shoulders corresponding to Ni-Ti species these possible mixed oxides do not seem to be present on the surface, involving that Ni(OH) 2 is the most plausible component. NiO is not present in the oxide layer. Surface Properties of a Nano-Quasicrystalline Forming Ti Based System 281 segregated underneath the oxide at the oxide/metal interface. Global thicknesses of the oxide layer formed on Ti 45 -Zr 38 Ni 17 during air exposures were determined assuming a continuous and homogeneous oxide layer. 40) The assumption is made that the oxide layer is uniform as well as the inner metallic one. 2À in the oxide. The two other peaks at 532 and 533 eV can be ascribed to hydroxyl groups OH and adsorbed (H 2 O) ad molecules, respectively. From these data, the contribution of the different metallic oxides cannot be directly derived. However, based on the atomic concentration of O 2À and the assumed oxidation state of the elements in the oxide layer (Fig. 6) , the oxygen balance can be calculated. Due to the uncertainty on the XPS Ni data and due to the weak intensity of Ni 2þ features, the potential contribution of the Ni based oxides has not been considered in the oxygen balance calculation. The oxide layer was assumed to be a mixture of TiO 2 /ZrO 2 . Classical formalism giving XPS intensity has been considered (Appendix).
nm
The ratios between Ti-O, Zr-O and O 2À intensities have been evaluated and are summarised in Table 3 .
The reported D O =ðD Ti þ D Zr Þ ratios are quite in agreement with our previous interpretation of oxide composition. However differences can be explained since our simplified model does not take into account potential hydroxylation for Ti and Zr species with air exposures.
The initial stages of oxidation of metal surfaces involve a number of chemical and physical processes, like chemisorption of oxygen, nucleation and growth of oxide islands following by the formation of a three-dimensional oxide film covering the metal surface. The subsequent oxide layer growth is governed by ionic species as well as electrons diffusion through the developing oxide film. These phenomena are more complex for metallic alloys due to the disparity between the reactivity of each metal with oxygen. In Ti-Zr-Ni systems, the large difference between oxidation enthalpy (ÁH f ) values reflects stronger affinities of Zr (ÁH f ðZrO 2 Þ ¼ À1101 kJÁmol À1 ) 41) and Ti (ÁH f ðTiO 2 Þ ¼ À956 kJÁmol À1 ) than that of Ni (ÁH f ðNiOÞ ¼ À241 kJÁmol À1 ) for oxygen. 42) Thus the more reactive Zr and Ti segregate to the surface, forming ZrO 2 and TiO 2 respectively. Ti suboxides are formed more in-depth in the oxygen depleted interface. It was shown that Zr and Ti atoms diffuse outward while oxygen atoms diffuse inward through the defective oxide film. As the metal diffusion is faster than that of oxygen, the oxide layer grows mainly outward. 19) Meanwhile, a small amount of Ni diffuses to the surface through oxide film vacancies forming Ni-O species. However, as the oxide scale is growing, the diffusion path for oxygen and nickel atoms systematically increases. 43) Thus most of Ni appears to be situated below the surface layer, enriching the inner interface in contact with the alloy. This oxidation way, giving an oxide scale which apparently depends only on the composition and not on the microstructure, matches with those observed on other QCs. 21) So far no information has been obtained about the spatial distribution of oxide species neither about the crystallographic structure of the surface which could be influenced by the highly dense quasicrystals in the matrix. Further research has to be done about these surface properties. From these observations it can be finally suggested that the outermost ZrO 2 and TiO 2 mixture constitutes a protective barrier against Ni release which is mostly segregated in inner layers. The Ni depletion at the Ti 45 Zr 38 Ni 17 surface is favourable to its potential use in biomedical applications. 17) and as the surface constitutes the real interface between implants and cells, this result is really of great importance for potential use of this alloy as a component of new biomaterials. The second part of our work was mainly to investigate the adsorption behaviour of L-glutamic acid (Glu) on Ti 45 Zr 38 Ni 17 (Fig. 7) . It is now well known that protein adsorption events occur before cells arrive at the surface. Therefore, cells see primarily a protein layer, rather than the actual surface of the biomaterials. Since cells respond specifically to proteins, this interfacial protein film may be the event that controls subsequent bioreactions to implants. 44) Although studying adsorption of proteins on potential biocompatible surfaces is of great importance, IR spectroscopic signature of such large molecules remains very complex for adsorption modes investigations. As a consequence, smaller molecules such as amino acids are potentially good candidates to reach fundamental knowledge on adsorption mechanisms. Furthermore, from the literature, 26, [44] [45] [46] it can be noticed that carboxylate chemical functions are generally involved in covalent bonding with substrate. The L-glutamic acid, one of elemental building blocks of adhesion proteins, seems thus to be a suitable molecule to evocate the current key questions concerning interactions between biological materials and metallic substrates since this molecule is small and has an acid lateral chain. This choice was also supported by the possibility for us to use previous experimental works performed on cpTi as Ref. 26 .
L-glutamic acid adsorption on Ti
Adsorption investigations on the QC-based ribbon are here reported for short time immersions (30 min) in the Lglutamic acid solution. Pure titanium (CpTi) and zirconium (Zr), covered respectively by a TiO 2 and ZrO 2 oxide layer, were used as references. Since vibrational energies are directly linked to electronic and chemical atoms environments, positions and shapes of infrared bands provide information about the bonding and the orientation of adsorbed species. Moreover molecules/surfaces interactions can mainly occur in two different ways: chemical bonding to fulfil the coordinence fault at atomic level on the surface and electrostatic interactions between polar molecules and charged surfaces. It is well known that Glu has a net negative charge at pH 6. 26) Whereas the negative surface charge of TiO 2 (PZC (TiO 2 ) $ 5.0-5.9) 47) can be considered unfavourable to electrostatic interactions, the positive surface charge of ZrO 2 (PZC (ZrO 2 ) $ 6.5-6.7) 47) makes possible both electrostatic interactions and coordination to the surface via carboxyl groups. The attribution of physisorption and chemisorption contributions in the IR signal is impossible without calculating the surface charge of Ti 45 Zr 38 Ni 17 , covered by a mixed-oxide layer. Experimental procedure has been established according to previous work. 26) Attributions of IR bands have been carefully checked consistently with several spectroscopy data basis. 26, 48) Figure 8 reports spectra of species adsorbed to the three different substrates mentioned previously from a 10 À1 molÁdm À3 aqueous Lglutamic acid solution. The wavenumbers of the prominent bands are presented in Table 4 .
From our results, it seems that Glu may adopt several conformations on the surfaces. As the coordination of a carboxylic acid usually occurs as the deprotonated carboxylate, three common adsorption modes could be suggested: bridging bidentate, chelating bidentate and ester-like coordination (Fig. 9) . 26, 27) The spectra of adsorbed Glu on pure metals ( Fig. 8(a)-(b) ) are very similar, indicating that the same binding modes occur in each system. The strong band Surface Properties of a Nano-Quasicrystalline Forming Ti Based System 283 between 1480 cm À1 and 1764 cm À1 has been mainly ascribed to antisymmetric stretches arising from the bidentate distaland -carboxyl groups (Fig. 7) , neglecting the bending of NH 3 þ . Its broad midwidth, compared to the theoretical one, suggests that Glu is interacting with the surface in such a way that species may occupy several sites with different electronic environments. However, distal-and -carboxylate groups cannot be differentiated. 28) Furthermore, the broadening towards high energy (1700-1740 cm À1 ) suggests that the adsorption of Glu to the metal oxides implies a possible ester-like linkage. 49) Considering Fig. 8 (c) the separation between absorption features at 1535-1638 cm À1 and at 1743 cm À1 ascribed respectively to antisymmetric COO À and C=O stretches means that Glu adsorption is probably more specific on the ribbon than on pure metals surfaces. On the Fig. 8 (a) and 8(b) only one symmetric carboxylate stretch occurs as a broad band at $ 1417 cm À1 so that chelating and bridging modes cannot be distinguished. On the contrary, for Ti 45 Zr 38 Ni 17 ( Fig. 8(d) ), it is possible to distinguish symmetric vibrational band of the chelating bidentate mode (1454 cm À1 ) from that of the bridging bidentate (1411 cm À1 ) according to the carboxylate band splitting. 27) Finally the band present for the two metallic samples at $ 1350 cm À1 is assigned to the CH 2 wagging mode. Its absence on Fig. 8(d) again suggests disparities between Glu adsorption ways on the QC-based alloys and on the two other oxide layers.
The comparison of absorption bands intensities clearly shows that signals are relatively strong on Zr and CpTi ( Fig. 8(a)-(b) ) despite their surface charge differences at considered pH. On the contrary, absorption bands intensities are showed to be very weak on the quasicrystalline alloy (Fig. 8(c) ), suggesting that less amount of Glu have been adsorbed. Since adsorption modes and quantities of adsorbed amino-acid look similar on pure Ti and Zr, assumption is made that chemical contributions cannot explain entirely the large differences between the QC-based sample, covered by ZrO 2 /TiO 2 mixed oxide, and pure metallic ones. Assumption is made that electronic structure of the bulk material may play a role in surface properties of quasicrystalline material. Both theoretical and experimental works have been recently done to understand peculiar surface properties (such as wetting or fretting) of oxidised quasicrystals. 3, 25, 50, 51) Correlations have been clearly established between wetting and electronic density of State (DOS) at Fermi level within the bulk, combining contact angle measurements with accurate determination of the electronic partial density of state in the metallic material. 25, [51] [52] [53] An interpretation of these results has been given in terms of electrostatic image forces developed in the electronic cloud by the dipoles of polar molecules. In this model, it is underlined that the charges located on a polar molecule are able to generate image electrostatic charges far below the oxide surface through oxide layers up to 10 nm of thickness. Based on the Jennings and Jones formalism 54) considering a system of plane waves emanating from the dipole, Dubois 50) showed that a part of the adhesion energy of polar molecules (the so called image forces) comes from the reflexion of these plane waves on the oxide/material interface. In this model, the reflexion coefficient R of these waves on this latter interface is proved to be function of the DOS at Fermi level in the material. It means that, in the case of quasicrystals displaying a pseudogap of DOS at the Fermi level, 53) the waves are weakly reflected on the oxide/material interface and mainly absorbed by the material. This effect leads to subsequent decrease of the surface energy of QC based materials and can explain the weak reversible adhesion energy of polar molecules. Thus, since the oxide layer above freshly polished Ti 45 Zr 38 Ni 17 is of 3-4 nm thickness (Table 2) , and although it is mainly a mixture of ZrO 2 and TiO 2 , the weak reversible adhesion energy of polar molecules such Glu could be partly explained by the unusual microstructure of this sample. Comparative adsorption measurements between fully crystalline and QCcontaining Ti-Zr-Ni alloys are ongoing to decouple more accurately the chemical and the structural contributions to this anomalous behaviour. 
Conclusion
This paper reports experimental results about amino-acid adsorption on oxidized QC-forming alloys.
XPS measurements show that exposing Ti 45 Zr 38 Ni 17 to air medium at room temperature results in the formation of a scale oxide layer. Preferential oxidation of Zr and Ti leads to their segregation in an outer mixed ZrO 2 /TiO 2 oxide layer, depleted in Ni. This latter is mostly concentrated underneath. After the oxidation of the surrounding Zr and Ti, a low amount of Ni species can be oxidized mainly into Ni 2þ but the protective ZrO 2 /TiO 2 barrier seems to avoid Ni release ensuring the biocompatibility of Ti 45 Zr 38 Ni 17 .
IR gives spectroscopic evidence of L-glutamic acid weak adsorption on the Ti-Zr-Ni surface. Assumption is made that peculiar electronic properties might play a key role in that phenomenon. Effects of image forces created between the molecular dipoles and the electronic states at the Fermi level could be postulated. Further research has to be done with radio-labelled molecules to quantify the discrepancies of amount adsorbed on Ti 45 Zr 38 Ni 17 and ''classical'' metals.
